This paper describes the use of the Tafel polarization and electrochemical impedance spectroscopy technique (EIS) in order to study the corrosion inhibition process of aluminum in 0.5M H 2 SO 4 solution in presence of propargyl alcohol and zinc sulfate at the open circuit potential (OCP) in the room temperature. The Nyquist diagrams consisted of a capacitive semicircle at high frequencies followed by a well defined inductive loop at low frequency values. The impedance measurements were interpreted according to a suitable equivalent circuit. The results obtained showed that the addition of the propargyl alcohol inhibits the sulfuric acid corrosion of the aluminum. The inhibition efficiency increases with an increase in the propargyl alcohol concentration. The inhibition occurs through adsorption of the propargyl alcohol on the metal surface without modifying the mechanism of corrosion process. The inhibiting action propargyl alcohol is considerably enhanced by addition of zinc sulfate. Both the inhibitors obeyed the Langmuir isotherm and the thermodynamic calculations revealed that the adsorption of inhibitors was of physical nature.
INTRODUCTION
Aluminum and its alloys find a wide spread spectrum of technological applications because of their particular properties such as low density, good appearance and corrosion resistance. For these reasons, the corrosion behavior of these materials has attracted the attention of several investigators. Acid solutions are used for pickling, chemical and electrochemical etching of aluminum and its alloys. It is very important to add a corrosion inhibitor to decrease the corrosion rate of aluminum and its alloys in such solutions. Several authors [1] [2] [3] [4] have studied the corrosion of aluminum and its alloys and their inhibition by organic inhibitors in acid solutions. The result of the investigations shows that acetylenic compounds are very effective in corrosion inhibition of metal in acid media [5] . Propargyl alcohol (PA) (2-propyn-1-ol) is one of the acetylenic alcohols and its inhibition effect has been discussed extensively [5] [6] [7] [8] [9] [10] . The decisive role of the triple bonds of the PA molecule due to the π-electrons interacting with the metallic surfaces is generally accepted [11] [12] [13] [14] [15] . The adsorption of the inhibitor on the metal surface can markedly change the corrosion-resisting property of the metal 6, 7 . The application of electrochemical impedance spectroscopy technique (EIS) as a new tool in corrosion research has resulted in a wealth of information concerning the methods of corrosion protection which were difficult to study with traditional dc techniques. This includes corrosion protection by conversion coatings 8 , polymer coating, and anodic films 9 . EIS has also provided information concerning corrosion protection by inhibitors 10 . In addition to specification of the physical properties of the system, the technique leads to important mechanistic and kinetic information [16] [17] [18] . The present work aim is to investigate, by electrochemical methods, the synergistic behavior between PA and zinc ions in 0.5M sulfuric acid.
EXPERIMENTAL
The working electrodes employed in the present work were made of spec aluminum cylinder. This electrode was provided from the pure aluminum sample (99.3%). The investigated material was cut as cylindrical rod, welded with Cu-wire for electrical connection and mounted into epoxy resin of appropriate diameter using araldite to offer an active flat disc shaped surface of (1 cm 2 ) geometric area for the aluminum sample, to contact the test solution. Prior to each experiment, the surface pretreatment of the working electrode was performed by mechanical polishing the electrode surface with successive grades of emery papers down to 2400 grit up to a mirror finish. The electrode was then, rinsed with acetone, distilled water, and finally dipped in the electrolytic cell. The experiments were performed in a 100 cm 3 volume cell at room temperature, using Pt electrode as auxiliary and a Saturated Calomel Electrode (SCE) as reference electrode. All potentials given in this paper are referred to this reference electrode. The experiments were carried out in 0.5M H 2 SO 4 acid solutions devoid of and containing various concentrations of propagyl alcohol and zinc sulfate as inhibitors. All solutions were freshly prepared from analytical grade chemical reagents using doubly distilled water and were used without further purification. For each run, a freshly prepared solution as well as a cleaned set of electrodes was used. A Potentiostat/Galvanostat (EG&G model 263A), and M352 corrosion software and frequency response analyzer (Princeton Applied Research Model 1020) were used for the polarization and EIS measurements, respectively.
The working electrode was stabilized in solution for 60 min prior to impedance run. EIS measurements were carried out using AC signals of amplitude 10 mV peak to peak at the open circuit potential (E OCP ) in the frequency range of 100 kHz to 10mHz. Tafel polarization curves were obtained using a sweep rate of 1mV/sec. Fig. 1 shows the effect of various concentrations of PA on the impedance response of aluminum in 0.5M H 2 SO 4 solution at E OCP . The data display that, each impedance diagram consists of a large capacitive loop at high frequencies (HF) and a small inductive one at low frequency values (LF) (Fig. 1a) . The capacitive loop (at high frequencies) could be assigned to the relaxation process in the natural oxide presents on the surface of the aluminum sample and its dielectric properties 17, 19 . Namely, the oxide film is considered to be a parallel circuit of a resistor due to the ionic conduction in the oxide film, and a capacitor due to its dielectric properties. The electrode impedance in this case was determined by the metal/oxide interface, the oxide film, and the oxide/ solution interface.
RESULTS AND DISCUSSION
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e-mail: f-baghaei@mail.uk.ac.ir The inductive loop (at low frequencies) could be attributed to the relaxation process in oxide presents on the electrode surface and it is obtained by adsorption species as ( ads and 19 . These data are consistent with mechanism that proposed the adsorption of SO 4 2-ions on to the oxide surface forming oxide-sulfate aluminum in acidic solutions. The point of intersection between the inductive loop and the real axis represents (R s +R p ), where R p is the polarization resistance, which is defined as the dc limit of the impedance 20 . It is essential to develop the appropriate models for the impedance which can be used to fit the experimental data and extract the parameters which characterize the corrosion process.
Fig. 2. The equivalent circuit model used to fit the experimental data
An equivalent circuit of five elements, depicted in Fig. 2 , was used in simulation of the impedance data, as previously reported 21 . In this circuit, C dl is the double layer capacitance, R t is the interfacial charge-transfer resistance, L is the inductance, and R L is the inductive resistance. When an inductive loop is present, the polarization resistance R p can be calculated from Eq. (1) 22,23 :
(1)
The measured complex plane impedance plot is similar to that calculated by the equivalent circuit model. The points in Fig.1 and 2 represent the experimental data, while the solid curves represent the best fits.
The value of the polarization resistance (R p ) is calculated from the difference of impedance at lower and higher frequencies 7, 8, 20 . To obtain the double layer capacitance (C dl ), the frequency at which the imaginary component of the impedance is maximum (-Z"max), is found and C dl values are obtained from the equation 18 .
(2)
The polarization resistance value was used to calculate the inhibition efficiency ( η(%)) of PA for aluminum at different concentrations, using equation:
Where and are the polarization resistances an inhibited and an uninhibited, respectively. Table 1 presents the numerical values of R p , C dl and inhibition efficiency η(%) for the aluminum sample in solution devoid of and containing various concentrations of the inhibitor.
Complete inspection of Table 1 reveals that in all cases, R p values increase, while those of C dl decrease with an increase in PA concentration. Thus, the corrosion rate decrease and inhibition efficiency increase with the increase of the PA concentration. It may be resulted from the fact that adsorption amount and the coverage of the PA on the electrode surface increases with increasing in the concentration. . Table 2 indicates the impedance parameters derived from these curves.
It is found that the addition of Zn 2+ ion does not change the general shape of the Nyquist plot but increases the polarization resistance and decreases the double layer capacitance. It is evident from Fig. 4 . Corrosion current densities are obtained from Tafel curves by linear extrapolation of anodic and cathodic branches of Tafel slopes at point 50 mV more positive and more negative than the corrosion potential values (E corr ).
The inhibition efficiency is defined as:
Where I 0 and I i are corrosion current densities values without and with inhibitor, respectively. Values of corrosion current density (I corr ), corrosion potential (E corr ) and corrosion inhibition efficiency η(%) of aluminum for different concentration of PA in 0.5M H 2 SO 4 are given in Table 3 . The data clearly show that, the addition of PA increases both of the anodic and cathodic over potentials, decreases the corrosion current density (I corr ). The open circuit corrosion potentials, E corr are drifted to more negative values and markedly lowers both the anodic and cathodic Tafel slopes. These results indicate that this inhibitor acts predominately as mixed type.
The corrosion inhibition efficiencies of PA measured as a function of PA concentrations, using Tafel polarization and impedance methods are presented in Fig. 5 . It is evident from this Table that the inhibition efficiencies of PA obtained from the polarization measurements are significantly higher than those obtained from the impedance measurements (Table 1) .
Fig. 5. Dependence of inhibition efficiency on the concentration of PA.Data obtained from the (■) polarization and (♦) impedance technique
The Tafel polarization curves for aluminum in 0.5M H 2 SO 4 solution with various concentrations of PA in the present of 0.01% Zn 2+ ions are shown in Fig. 6 . The kinetic parameters obtained from these curves are presented in Table 4 .
It is evident from Table 4 that inhibition efficiency values increase in the presence of 0.01% Zn 2+ ions. The inhibition efficiency values of PA in all concentrations increase markedly in the presence of Zn 2+ ions and reached to a maximum value of 81.3% . Both the anodic and cathodic Tafel slopes were altered significantly, but the reduction of the cathodic slopes was more significant than that of the anodic ones, especially at high concentrations. Relatively good agreement was found between the inhibition efficiencies obtained from polarization and impedance techniques. Fig. 7 presents the corrosion inhibition efficiencies of PA+ 0.01% Zn 2+ calculated as a function of inhibitor concentrations, using polarization and impedance techniques. It is evident from this figure that the inhibition efficiencies of PA+0.01%Zn
2+
ions, obtained from the polarization measurements are significantly higher than those obtained from the impedance measurements. 
Where is the calculated inhibition effect supposing additivity (no interaction between the inhibitor compound exits). can be expressed by:
(6)
Where E 1 = 1-I 1/ I 0 , E 2 = 1-I 2 /I 0 and = 1-I 1,2 /I 0 , and I 1 is corrosion current density for cation ( Zn 2+ ); I 1,2 the measured corrosion current density for PA +0.01%Zn 2+ containing solution; I 0 the corrosion current density for blank solution. The expression for S can be simplified to:
S approaches 1 when no interaction between the inhibitor compounds exists, while S >1 points to a synergistic effect. In the case of S < 1, the antagonistic interaction prevails, which may be attributed to competitive adsorption.
Values of S are given in Table 5 . Most values are grater than unity. This result suggests that the improvement in inhibition efficiency generated by the addition of zinc sulfate to propargyl alcohol is due to a synergistic effect 24 . It is seen that, the values of synergism parameter (S) attained a maximum value of 1.15, at concentration of the optimum concentration of PA and 0.01% Zn 2+ ions. 
Adsorption isotherms and inhibition mechanism
Adsorption isotherms are often shown to demonstrate the performance of organic adsorbent-type inhibitors. The simplest, being Langmuir isotherm, is based on the assumption that all adsorption sites are equivalent and that particle binding occurs independently from nearby sites being occupied or not. Langmuir isotherm can be expressed as 25 :
(8)
Where K ads is the adsorption equilibrium constant; C is the inhibitor concentration and θ is the surface coverage. In this case θ is numerically identical to the value of the percentage inhibition efficiency, obtained from polarization or impedance techniques, divided by 100: .θ = η/100 26 . Regarding to the Eq (8), a linear relationship is observed when C/θ is plotted as a function of C, with a slope of ideally unity. In the following, the polarization data, reported in Tables 3 (for PA) and Table 4 (for PA+ 0.01% Zn 2+ ), were used for calculations. Fig. 8 shows the adsorption isotherm plot of PA on the surface of aluminum alloy in 0.5M H 2 SO 4 solution. The linear relationship of C/θ versus C showed that inhibitor obeyed Langmuir adsorption isotherm. In this case, the line had a slope of 1.25 and the correlation coefficient (R 2 ) was 0.9973. Fig. 9 shows the adsorption isotherm plot of PA+ 0.01% Zn 2+ on the surface of aluminum alloy in 0.5M H 2 SO 4 solution. The linear relationship of C/θ versus C showed that inhibitor obeyed Langmuir adsorption isotherm. In this case, the line had a slope of 1.17 and the correlation coefficient (R 2 ) was 0.9983.The deviation of the slope from unity is often interpreted as a sign that the adsorbing species occupy more or less a typical adsorption site at the metal/solution interface 26 . The relationship between the adsorption constant and adsorption free energy is given by:
Where R is the universal gas constant and T is the absolute temperature. . The increasing value of K ads reflects the increasing adsorption capability, due to structural formation, on the metal surface 27, 28 . (toward the negative) reflects the increasing adsorption capability 29 . The value found for PA on aluminum alloy thus clearly indicates that the adsorption is of the physical -nature, and that no covalent bond between inhibitor molecules and metal surface is established. Adsorption of the inhibitor explains this phenomenon, as solvent molecules (with high dielectric constant) within the electrical double layer become replaced with molecules with less pronounced dielectric properties. For this reason polar organic compounds can be adsorbed on the surface. In the neutral solution, propargyl alcohol is partially ionized and the ionized form of the alcohol can be strongly adsorbed on positively charged electrode surface. The addition of zinc sulfate did not change the adsorption behavior of PA. Langmuir adsorption was also observed for aluminum in the solutions in the presence of combined inhibitor (PA+Zn 2+ ). The Nyquist plots of the electrode in solutions in the presence of PA is similar to that in the presence of (PA+ Zn 2+ ), as shown in Fig. 1 and Fig. 3 . It can be concluded that the inhibition actions of (PA+ Zn 2+ ) are mainly attributed to the adsorption of PA. The zinc ions may compete with the PA inhibitor for the sites available for adsorption, but the adsorption of zinc ions stabilized the adsorption of PA on the metal surface so that the inhibition abilities of PA were improved by the combined use of PA and zinc ions. There was no evidence in the present work to demonstrate that the synergistic mechanism was due to electrostatic actions and physical interactions between PA and zinc ions.
CONCLUSIONS
The inhibition behavior of propargyl alcohol (PA) and its synergistic effect with zinc sulfate for aluminum in 0.5M H 2 SO 4 has been studied and the following conclusions can be drawn:
1. Propargyl Alcohol (PA) is an effective inhibitor in reducing the corrosion rate for aluminum in sulfuric acid solutions and its inhibition action is due to adsorption of PA molecules on the metal surface.
2. The inhibition efficiency of PA improves with increasing in PA concentration.
3. Synergistic effects between Propargyl Alcohol and zinc sulfate are observed. The addition of zinc sulfate in the solutions improves the inhibition efficiency of PA, significantly. In fact, the adsorption of Propargyl alcohol is stabilized by the presence of zinc sulfate in the solutions.
4-In this study the Langmuir adsorption isotherm provides a formal description of the adsorption behavior of the PA alone and PA+Zn 2+ on aluminum surface.
5-The values of the thermodynamic parameters for the inhibitor-metal interactions clearly indicate that the adsorption has physical nature for both PA and PA+Zn 2+ inhibitors.
